M echanical ventilation is almost invariably mandatory in acute respiratory distress syndrome (ARDS) but may itself aggravate lung injury, depending on ventilatory settings (1) . Moreover, mechanical ventilation probably contributes to multiple systemic organ failure in patients with lung injury because of an induction of systemic inflammation (2) . Worth noting is the fact that most ARDS patients die of multiple organ failure rather than hypoxemia (3) . Thus, the consequent use of protective ventilation strategies is considered crucial to minimize mortality in ARDS.
The reduction of tidal volume (V T) from 12 mL/kg to 6 mL/kg ideal body weight has been shown to reduce mortality in patients with ARDS (4) . Therefore, it can be hypothesized that V T reduction to Ͻ6 mL/kg further decreases ventilator-associated lung injury and systemic organ failure in patients with ARDS. However, this hypothesis has not been evaluated so far due to the risk of severe respiratory acidosis caused by hypoventilation.
The interventional lung assist (iLA) is a recently developed pumpless arteriovenous extracorporeal gas-exchange module that effectively eliminates CO 2 in patients with hypercapnic lung injury (5) . In the present study, iLA was used to provide a consequent V T reduction to 3 mL/kg without hypercapnia in seven pigs with experimental acute lung injury (ALI) ventilated for 24 hrs. The aim of the study was to investigate organ function and organ injury in comparison with seven control animals ventilated with a V T of 6 mL/kg.
MATERIALS AND METHODS
Animal Preparation. The experimental protocol was approved by the appropriate governmental institution, and the study was performed according to the Helsinki convention guidelines for the use and care of laboratory animals. A total of 14 pigs weighing 46 Ϯ 4 kg (mean Ϯ SD) were anesthetized with thiopental, fentanyl, and pancuronium, followed by intubation and supine positioning. Anesthesia was maintained with continuous infusion of thiopental, fentanyl, and pancuronium until the end of the study.
Animals were ventilated in a volumecontrolled mode (Avea, Viasys Healthcare, Hoechberg, Germany) with a V T of 6 mL/kg, a Objective: To test the hypothesis that ventilation with 3 mL/kg tidal volume combined with extracorporeal CO 2 removal by arteriovenous interventional lung assist reduces ventilator-associated organ injury in experimental acute lung injury when compared with ventilation with 6 mL/kg tidal volume without interventional lung assist.
Design: Prospective, randomized, controlled trial. Setting: A university research laboratory. Subjects: A total of 14 pigs weighing 46 ؎ 4 kg (mean ؎ SD). Interventions: Acute lung injury was induced by repeated lung lavages until PaO 2 was <100 mm Hg, with FIO 2 of 1.0 and positive end-expiratory pressure of 5 cm H 2 O, for 1 hr without additional lavages. Animals were randomized to an interventional group with a tidal volume of 3 mL/kg with interventional lung assist (n ‫؍‬ 7) or to a control group with a tidal volume of 6 mL/kg without interventional lung assist (n ‫؍‬ 7) for 24 hrs. Organ function in vivo was determined by laboratory analyses, including calculations of pulmonary ventilation/perfusion distribution. Histologic assessment of organ injury was performed post mortem after 24 hrs.
Measurements and Main Results:
In both groups, gas exchange improved in the course of the study (p < .05). However, in contrast to control animals, animals with lower tidal volumes and interventional lung assist had severe ventilation/perfusion mismatch, as indicated by increased perfusion to lung areas with a low ventilation/perfusion ratio (p < .05). Other variables of organ function in vivo and results of histologic examination post mortem did not reveal any statistical difference between groups.
Conclusions: Combined ventilation with lower tidal volumes and extracorporeal CO 2 removal as compared with traditional low tidal volumes without extracorporeal CO 2 removal is not associated with differences in organ injury. Obviously, ventilation with tidal volumes of <6 mL/kg may cause pulmonary de-recruitment when positive end-expiratory pressure is not adequately increased. (Crit Care Med 2007; 35:2359-2366) KEY WORDS: acute respiratory distress syndrome; artificial respiration; extracorporeal membrane oxygenation; carbon dioxide; multiple organ failure positive end-expiratory pressure (PEEP) of 5 cm H 2 O, an FIO 2 of 1.0, and a respiratory rate adjusted to provide an arterial PaCO 2 of 40 -50 mm Hg with an inspiratory/expiratory ratio of 1:1. The maximum respiratory rate was limited to 40 breaths/min to minimize development of intrinsic PEEP of Ͼ5 cm H 2 O. Measurements of intrinsic PEEP were performed hourly, and external PEEP was adjusted accordingly to provide a total PEEP of 5 cm H 2 O.
Femoral vessels were cannulated for insertion of an arterial catheter (Pulsiocath, Pulsion Medical Systems, Munich, Germany) and a right heart catheter (Criticath, Becton Dickinson, Heidelberg, Germany). Fluid replacement was provided by continuous administration of 2 mL·kg Ϫ1 ·hr Ϫ1 Ringer solution and 10% hydroxyethyl starch, 200/0.5, according to hemodynamics. Continuous insulin and heparin infusion were performed, aiming at a blood glucose level of 80 -110 mg/dL and an activated clotting time of 130 -150 secs, respectively. A transurethral bladder catheter was inserted to control urine production.
Data Acquisition. Ventilatory variables were obtained from the ventilator, including measurements of intrinsic PEEP, by end-expiratory hold maneuvers. Hemodynamics were assessed by routine clinical monitoring measuring heart rate, mean arterial blood pressure, mean pulmonary artery pressure, central venous pressure, and pulmonary artery occlusion pressure. Cardiac output was measured by pulmonary artery thermodilution technique using the right heart catheter. In addition, intrathoracic blood volume and extravascular lung water index were estimated by arterial thermodilution technique using the PiCCO-Technology (Pulsion Medical Systems).
Blood samples were collected simultaneously in duplicate to determine arterial and mixed-venous blood gases (PO 2 , PCO 2 ) immediately. Blood gases were measured with standard blood-gas electrodes (ABL 510, Radiometer, Copenhagen, Denmark) and speciesspecific spectroscopy (OSM 3, Radiometer).
Ventilation/perfusion (V A/Q ) distributions were evaluated using the multiple inert gas elimination technique (MIGET), as described previously in detail (6) . The presented data are the mean values of V A/Q distributions taken in duplicate. Q s/Q t was defined as the fraction of total pulmonary blood flow perfusing nonventilated alveoli (V A/Q of Ͻ0.005). Low V A/Q regions were defined as those with V A/Q ratios of Ͼ0.005 and Ͻ0.1, normal V A/Q regions as those with V A/Q ratios of Ͼ0.1 and Ͻ10, and high V A/Q regions as those with V A/Q ratios of Ͼ10 and Ͻ100. Data for perfusion distribution are presented in percentage of cardiac output and expressed as Q low , Q normal , and Q high . Data for ventilation distribution are presented in percentage of total minute ventilation (V E ) and expressed accordingly as V low , V normal , and V high . Dead-space ventilation (V D/ V T) was defined as the fraction of gas entering nonperfused lung units (V A/Q of Ͼ100). The position of the distributions was also described by the mean V A/Q ratio for perfusion and ventilation (mean Q , mean V A) and their dispersion by the log SD of both perfusion (Q ) and ventilation (V A). Quality control was performed by calculating the residual sum of squares between the measured and calculated V A/Q distributions and the differences between predicted and measured PaO 2 based on perfusion distribution.
Organ function was assessed in vivo by repeated measurements of blood cell count, coagulation status, serum creatine kinase, troponin T, alkaline phosphatase, alanine amino-transferase, aspartate aminotransferase, bilirubin, blood urea nitrogen, serum creatinine, urine creatinine, and urine production, thereby calculating creatinine clearance. The inflammatory status was evaluated by serum concentrations of C-reactive protein, procalcitonin, tumor necrosis factor-␣, interleukin-1, and interleukin-8.
For morphologic assessment of organ injury, animals were killed at the end of the study and sectioned subsequently. Predefined tissue samples of lung, heart, liver, kidneys, small bowel, and brain were drawn and imme- 
ALI, acute lung injury; RR, respiratory rate; CMV, conventional mechanical ventilation; iLA, interventional lung assist; V T, tidal volume; V E, minute volume; PIP, peak airway pressure. a p Ͻ .05 for 1 hr, 8 hrs, 16 hrs, or 24 hrs vs. ALI; b p Ͻ .05 for iLA vs. CMV. Data provided are mean Ϯ SD. diately fixed in 10% buffered formaldehyde solution. In detail, six tissue samples were drawn from the lung, with one sample each of the upper, the middle, and the lower dorsal part of the right and left lung. Other samples were taken from the right and left cardiac ventricle, from kidneys, the duodenum, jejunum, and ileum, the medial and lateral right and left lobes of the liver, and the central gyrus of the brain.
The histologic specimens were stained with both hematoxylin-eosin and periodic acid-Schiff and examined via light microscopy by a single pathologist blinded to the study group. Histologic damage was classified as none, low, medium, or high (grades 0 -3), as previously described (7) . Lung tissue samples were examined for interstitial edema, erythrocytes, granulocytes, and lymphocytes and for intraalveolar edema, erythrocytes, granulocytes, and macrophages. In addition, lung samples were assessed for congestion, microthrombi formation, infiltrates, emphysema, and atelectasis. Heart samples were examined for degenerative changes, necrotic changes, edema formation, and bleeding. Liver samples were examined for congestion, bleeding, paracentral necrosis, intrasinusoidal leukocyte sticking, and proliferation of Kupffer cells, microthrombi, and degenerative changes. Kidneys were studied for glomerular damage, proximal tubular necrosis, interstitial edema, microthrombi, protein cylinders, and nephrosis. Small intestinum was examined for edema formation and bleeding. The brain was examined for degenerative changes, necrosis, edema formation, bleeding, and congestion.
Experimental Protocol. After animal preparation, experimental ALI was induced by repeated lung lavages until a PaO 2 of Ͻ100 mm Hg was achieved for 1 hr without additional lavages, as previously described (8) . Animals were randomized to a control group without changes of V T or to the intervention group with extracorporeal CO 2 removal by iLA and reduced V T for 24 hrs.
In the intervention group, femoral arterial and venous cannulation for iLA was performed with a 13-Fr cannula and 15-Fr cannula, respectively. Once connected, oxygen gas flow through the gas-exchange module was set at 15 L/min and V T reduced to 3 mL/kg. Respiratory rate was adjusted for a PaCO 2 of 40 -50 mm Hg. Extracorporeal blood flow was measured by transit-time Doppler technology.
Connection and ventilatory setting were completed within 1 hr. Until the end of the study, the respiratory rate in both groups was further modified according to the target PaCO 2 .
Measurements were made after animal preparation (baseline), after induction of ALI, and at 1, 8, 16, and 24 hrs after ALI. All measurements included hemodynamics and conventional gasexchange and laboratory assessments. In addition, V A/Q distributions and creatinine clearance were analyzed after induction of ALI and at the end of the study. After 24 hrs, animals were killed with potassium chloride in deep sedation and sectioned immediately. 
RESULTS
Examination of all animals by a veterinary surgeon before the study confirmed the absence of any sign of infection or pulmonary disease. In all animals, a mean of 10 Ϯ 3 lavages had to be performed to induce ALI within 7 Ϯ 2 hrs after induction of anesthesia, with a decrease of PaO 2 from 563 Ϯ 28 mm Hg to 70 Ϯ 18 mm Hg. In the intervention group V T, reduction was associated with a significant decrease in peak airway pressure (Table 1) . Moreover, respiratory rate could be significantly reduced when compared with control animals (p Ͻ .05).
Until the end of the study, all extracorporeal gas-exchange devices provided sufficient CO 2 removal, with a mean CO 2 extraction rate of 22 Ϯ 7 mL/min. Mean blood flow through the extracorporeal circuit was 1.6 Ϯ 0.3 L/min, without the use of catecholamines. Whereas infusion rate of Ringer solution was equally fixed in both groups, infusion volume of hydroxyethyl starch used to provide stable hemodynamics was higher in animals with iLA (2107 Ϯ 405 mL) than in control animals (1214 Ϯ 488 mL). Thus, mean infusion rate was 1.8 Ϯ 1.0 mL·kg Ϫ1 ·hr Ϫ1 in the intervention group and 1.3 Ϯ 1.2 mL·kg Ϫ1 ·hr Ϫ1 in the control group (p Ͻ .05). All animals survived the entire study period.
Hemodynamics are summarized in Table 2 . In control animals, cardiac output, extravascular lung water index, and mean pulmonary artery pressure decreased significantly in the course of the 
ALI, acute lung injury; CMV, conventional mechanical ventilation; iLA, interventional lung assist; Q s/Q t, shunt; CO, cardiac output; Q low /Q ideal , blood flow to low/ideal V A/Q areas; mean Q , mean V A/Q ratio for perfusion; V ideal /V high , ventilation to ideal/high V A/Q areas; V E, minute ventilation; V D/V T, dead space ventilation; mean V A, mean V A/Q ratio for ventilation. experiments (p Ͻ .05). In the intervention group, hemodynamics remained unchanged. Gas exchange improved in both groups over time due to reduced Q s/Q t ( Table 3 and Fig. 1 ). However, after 24 hrs, PaO 2 in control animals exceeded PaO 2 in the intervention group (p Ͻ .05). According to MIGET analysis, this difference was caused by a minor reduction of Q s/Q t and a concomitant V A/Q mismatch in the intervention group, as shown by increased Q low and V high and by decreased Q ideal and V ideal (p Ͻ .05). V A/Q mismatch is also indicated by a decrease of mean Q and an increase of mean V A over time and compared with control animals (p Ͻ .05). Q high and V low were negligible and are not demonstrated in Table 3 . The quality of MIGET data were confirmed by a residual sum of squares of Ͻ5.348 in 89% and Ͻ10.645 in all of the experimental runs (9) and a mean difference between all predicted and measured PaO 2 values of 12 Ϯ 20 mm Hg.
In vivo organ function assessment did not reveal any differences between the groups (data not shown) except for a slight decrease of creatinine clearance (p Ͻ .05), within physiologic range and without differences in urine output (Table 4 ). Likewise, blood glucose and lactate remained unchanged over time. Moreover, all inflammatory variables, including cytokine concentrations ( Fig. 2) , remained unchanged over time, except for a slight increase of C-reactive protein in control animals, without statistical differences between the groups (p Ͻ .05).
Morphologic assessment of organ injury did not reveal differences in lung injury (Fig. 3 ) or any statistical difference in other organ injury scores (Fig. 4 ).
DISCUSSION
The present study did not show any major beneficial effects of V T reduction to Ͻ6 mL/kg in combination with extracorporeal CO 2 removal in animals with experimental ALI. Despite a significant reduction of V T, airway pressure and respiratory rate organ function and organ injury assessment did not reveal significant improvements when compared with conventional low V T strategy without extracorporeal CO 2 removal. On the contrary, pulmonary gas exchange was impaired because of increased V A/Q mismatch. Thus, an isolated reduction of V T to 3 mL/kg does not seem to prevent further short-term ventilator-associated organ injury in ARDS, but it might increase the risk for de-recruitment.
Several characteristics of the study design might have affected the present results and should therefore be considered. First, the lung lavage injury model used in the present study is usually induced to provide a severe gas-exchange disorder similar to ARDS rather than a rapid and marked inflammatory activation. Other investigators induced lung injury by lipopolysaccharide infusion (10) or acid aspiration (2) to evaluate effects of different ventilation strategies in the presence of a preexisting inflammatory stimulus. Thus, it can be hypothesized that induction of ALI in the present study did not provide an adequate preexisting inflammatory stimulus as a trigger for ventilatorassociated lung and organ injury within the experimental period of 24 hrs. Indeed, inflammatory variables remained almost unchanged after induction of ALI and increased only slightly within 24 hrs. However, ALI was characterized by severe impairment of lung mechanics, as indicated by increased airway pressures, and the concomitant biophysical consequences, such as volutrauma, barotrauma, and shear stress, undoubtedly caused at least some local inflammatory response. Accordingly, histologic signs of pulmonary inflammation, such as local infiltration with leukocytes, have been found in the present study, as it was demonstrated in the original description of this model (11) . Nonetheless, a more severe systemic inflammatory response might have been found later on with an extended experimental protocol for Ͼ24 hrs or by using another model of experimental ALI. Thus, it is possible that systemic inflammation would not have had time to develop within 24 hrs.
Second, tissue sampling for histologic examination deserves comment. To include lung areas with a high risk for atelectatic and emphysematous changes, tissue samples were drawn from both dorsocaudal and dorsocranial parts of the lungs. Similarly, all other organs were scored by examination of several predefined tissue samples. Even so, we cannot exclude that selection of other organ specimens might have resulted in different results. Almost all functional organ variables were comparable between the groups. Therefore, the presence of undetected histologic differences due to inappropriate tissue sampling is hardly probable. Solely the detection of V A/Q mismatch in the intervention group does not seem to fit with the histologic results of lung examination. In this group, MIGET revealed the presence of low V A/Q areas as the predominant difference in comparison with control animals. However, in contrast to atelectatic shunt areas, low V A/Q areas have no clearly defined histologic equivalent and may therefore be undetected, despite of adequate tissue sampling. The third, but most important, limitation with regard to possible clinical conclusions is the low PEEP level used in both groups. Usually, a PEEP of 20 -24 mbar is recommended in severe ARDS when an FIO 2 of 1.0 is necessary. In the present study, PEEP was set relatively low to keep ALI as stable as possible until the end of the study. Despite that, oxygenation improved significantly in both groups. As lavageinduced ALI is predominantly characterized by atelectasis formation, it is clearly evident that higher PEEP levels would have further improved gas exchange. To avoid this, PEEP was equally minimized in both groups, thereby providing comparable conditions besides different V T and respiratory rate. The presence of V A/Q mismatch in the intervention group is probably caused by a certain degree of de-recruitment that could have been prevented by using higher PEEP levels. Thus, the present results do not preclude beneficial effects of combined CO 2 removal and minimal V T with a concomitant adequate increase of PEEP. Nonetheless, the results emphasize the effect of V T with regard to recruitment and avoidance of de-recruitment in ALI.
Finally, MIGET results deserve comment because V D/V T did not increase during iLA as it could be expected due to higher relative anatomic dead space. At the same time, V high increased in this group by a mean of 11%. However, with a mean V D/V T of 68% after induction of ALI and 79% after 24 hrs, there was at least a trend toward increased V D/V T during iLA. These findings can be best explained by a certain loss of precision to separate V high from V D/ V T by MIGET. Therefore, V D/V T was calculated using the Enghoff modification of the Bohr equation (V D/V T ϭ PaCO 2 Ϫ PECO 2 / PaCO 2 , with PECO 2 denoting mixed expiratory PCO 2 ). These calculations revealed an increase of V D/V T from 70% to 90% during iLA, which corresponds well with the sum of V high and V D/V T revealed by MIGET, and therefore seem to support this explanation. This slight inaccuracy is possibly caused by a loss of inert gas through the gasexchange membrane, resulting in low gas concentrations and thereby decreasing the precision of gas chromatography measurements. However, with regard to low residual sum of squares and low differences between predicted and measured PaO 2 values, overall MIGET quality was considered acceptable.
The concept to dissociate oxygenation via the natural lung from decarboxylation via extracorporeal gas exchange was developed by Gattinoni et al. (12) in 1979. At that time, possible beneficial effects of combined low-frequency positive pressure ventilation and extracorporeal CO 2 removal in ARDS had only been evaluated in an uncontrolled clinical study (13) . Since that time, technical performance of extracorporeal CO 2 elimination has been improved, thereby increasing feasibility and safety. On the other hand, evidence now supports that low V T ventilation is a key factor to reduce mortality in ARDS (4), whereas the optimal V T remains unclear. Extracorporeal CO 2 removal with the aim to further reduce V T in ARDS is the consequent advancement of these developments.
However, only a few case reports and uncontrolled clinical trials have been published until now evaluating effects of extracorporeal CO 2 removal in combination with reduced minute volume or high-frequency oscillation ventilation (14, 15) , and in none of these studies was extracorporeal CO 2 removal performed for consequent reduction of V T. The most extensive report, presenting 90 ARDS patients treated with the iLA system, was provided recently by Bein et al (5) . They demonstrated feasibility and safety of this system and the possibility of V T reduction in a heterogeneous group of patients.
To our knowledge, the present study is the first comparing a lower V T strategy with conventional low V T ventilation in regard to organ function and possible ventilatorassociated organ injury. In due consideration of the above-mentioned limitations, ventilation with a V T of 3 mL/kg was obviously not accompanied with any beneficial effect.
Most probably, pulmonary de-recruitment due to low PEEP was the main reason for the lack of beneficial effects in our study, but other factors should also be considered. Previously, permissive hypercapnia has been proposed to limit airway pressures, thereby providing indirect protective effects in ARDS. More recently, hypercapnic acidosis itself has been suggested to provide direct protective effects as a result of suppressing inflammatory events in the course of severe ARDS (16) . In the present study, hypercapnic acidosis with a significantly lower pH in control animals than in the intervention group was present for the first 8 hrs after induction of ALI (Table 3) . Thus, a possible protective effect in this group has to be taken into account. Moreover, hypercapnia has been suggested to improve gas exchange due to augmentation of hypoxic pulmonary vasoconstriction (17) . However, hypercapnia induced both by hypoventilation and by inspired CO 2 failed to improve gas exchange in an experimental study (18) . Accordingly, improvement of gas exchange in control animals may hardly be explained by transient hypercapnia.
Nonetheless, it has to be taken into consideration that the use of iLA itself may have caused organ injury due to inflammatory activation. Although extracorporeal circulating blood volume in this system averages only about 250 mL, an inflammatory stimulus due to contact activation with foreign surfaces cannot be excluded. Furthermore, 1.5 L/min extracorporeal blood flow during iLA is tantamount to 25% arteriovenous shunt, with possible negative effects on organ function due to hypoperfusion. However, neither inflammatory variables nor lactate confirmed the possibility of inflammation or hypoperfusion during iLA, even though higher amounts of hydroxyethyl starch had to be infused to provide stable hemodynamics.
In summary, none of these factors may sufficiently explain the results of our study. Thus, it seems questionable whether lower V T with extracorporeal CO 2 removal may provide further protective effects on ventilator-associated organ injury when compared with conventional low V T ventilation. However, it can be hypothesized that a higher PEEP level during iLA might have affected these results due to prevention of pulmonary de-recruitment. As an analogy, to provide pulmonary collapse, highfrequency oscillation ventilation with very low V T is usually performed with mean airway pressures set 5 cm H 2 O greater than during conventional mechanical ventilation (19) . Thus, although a higher PEEP level per se failed to reveal beneficial effects in a clinical trial using a conventional low V T strategy (20) , higher PEEP may become more important when V T is further decreased to a minimal extent of 3 mL/kg. This hypothesis should be evaluated in a further study.
CONCLUSIONS
Combined ventilation with lower V T and extracorporeal CO 2 removal as compared with traditional low V T without extracorporeal CO 2 removal is not associated with differences in inflammatory response or organ dysfunction in an experimental setting. In contrast, ventilation with lower V T may cause pulmonary de-recruitment. In a further trial, it should be evaluated whether a higher PEEP level may prevent pulmonary de-recruitment during ventilation with lower V T.
